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An Intersubunit Interaction Regulates Trafficking
of Rod Cyclic Nucleotide-Gated Channels and Is
Disrupted in an Inherited Form of Blindness
(for review see Richards and Gordon, 2000). Retinal rod
CNG channels comprise two types of these subunits:
CNGA1 (Rod ) and CNGB1 (Rod ) subunits (Kaupp et
al., 1989; Chen et al., 1993, 1994; Korschen et al., 1995).
CNGB1 subunits are distinguished from CNGA1 sub-
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units, in part, by a large glutamic acid-rich protein
(GARP) region and a calcium/calmodulin (Ca2/CaM)
binding site in the N-terminal region. CNGA1 subunitsSummary
form functional cyclic nucleotide-activated channels
when expressed alone (Kaupp et al., 1989), whereasA mutation in a cyclic nucleotide-gated channel
CNGB1 subunits do not form functional channels alone(CNGA1) is associated with retinitis pigmentosa (RP), a
(Chen et al., 1993). Instead, CNGB1 subunits coassem-common, inherited eye disease. Expression of mutant
ble with CNGA1 subunits to form heteromeric CNGA1/(CNGA1-RP) homomeric channels in Xenopus oocytes
CNGB1 channels. Heteromeric CNGA1/CNGB1 chan-revealed no measurable differences compared to wild-
nels have an apparent affinity for cGMP similar totype CNGA1 homomers. As native retinal rod CNG
CNGA1 homomers. However, the CNGB1 subunit con-channels comprise CNGA1 and CNGB1 subunits, we
fers several novel functional properties to CNGA1/coexpressed CNGA1-RP and CNGB1. Surprisingly,
CNGB1 heteromers, including10-fold higher fractionalthis subunit combination did not produce detectable
activation by adenosine 3:5-cyclic monophosphatechannels at the membrane surface. We show that the
(cAMP), sensitivity to L-cis-diltiazem, “flickery” single-mechanism underlying this defect involves an inter-
channel behavior, a slight increase in outward rectifica-subunit interaction between CNGA1 and CNGB1 that
tion, and sensitivity to Ca2/CaM (Chen et al., 1993,was not formed between CNGA1-RP and CNGB1 sub-
1994; Shammat and Gordon, 1999). CNG channels areunits. In the absence of this interaction, a short
tetramers (Liu et al., 1996; Varnum and Zagotta, 1996),N-terminal region in CNGB1 prevented membrane ex-
and rod heterotetramers contain two CNGA1 subunitspression. Thus, disruption of a regulatory interaction
and two CNGB1 subunits (Shammat and Gordon, 1999;by mutation in CNGA1 exposed a region of CNGB1 that
He et al., 2000).disrupted surface expression of heteromeric CNGA1-
Retinitis pigmentosa (RP) refers to a family of preva-RP/CNGB1 channels, accounting for this instance of RP.
lent eye diseases with shared general characteristics.
In typical rod-cone RP, these include night blindnessIntroduction
and loss of peripheral vision as rod photoreceptor cells
undergo cell death, followed by loss of the central visualCyclic nucleotide-gated (CNG) channels play a critical
field and progression toward total blindness due to therole in sensory perception and signaling throughout the
subsequent death of cone photoreceptors (Pierce,nervous system. CNG channels in the outer segment of
2001). RP is genetically heterogeneous and, to date,retinal rod photoreceptors mediate the electrical re-
there are 19 known affected genes, including those en-sponse to light by responding to changing levels of
coding rhodopsin, phosphodiesterase, arrestin, CNGB1,intracellular guanosine 3:5-cyclic monophosphate
and CNGA1 (Phelan and Bok, 2000; Bareil et al., 2001).(cGMP) (Fesenko et al., 1985). CNG channels also medi-
Five different mutations in the human CNGA1 gene areate the electrical response to odorants (Nakamura and
associated with autosomal recessive RP (Dryja et al.,
Gold, 1987), odorant adaptation (Kurahashi and Menini,
1995). One of these is a single base pair deletion that
1997), and nitric oxide-dependent feedback in olfactory
causes a frameshift, resulting in a codon for a single
bipolar neurons (Savchenko et al., 1997). Gustatory cells new amino acid, changing arginine 654 to aspartic acid,
also contain a CNG channel that may have a role in taste followed by a stop codon (R654E-Stop). The resulting
perception (Misaka et al., 1997). channel polypeptide lacks the final 37 amino acids in a
CNG channel subunits contain six putative transmem- C-terminal region distal to the cyclic nucleotide-binding
brane domains, a pore loop domain, and intracellular domain.
N- and C-terminal domains, a topology similar to that Using a combination of biochemical, electrophysio-
of voltage-activated K channels (Jan and Jan, 1990). logical, and fluorescent imaging techniques, we have
In their C-terminal region, all CNG channels have a con- investigated the mutant phenotype of the CNGA1
served, cyclic nucleotide-binding domain (CNBD) that R654E-Stop mutant (here called CNGA1-RP). We found
has high sequence similarity to cyclic-nucleotide-bind- that homomeric CNGA1-RP channels expressed ro-
ing proteins of known three-dimensional structures in- bustly and were biophysically similar to wild-type
cluding a bacterial transcription factor (Weber and CNGA1 channels when studied in Xenopus oocytes.
Steitz, 1987) and a cyclic nucleotide-dependent protein However, coexpressing CNGA1-RP with CNGB1 did not
kinase (Su et al., 1995). produce any detectable ion channels at the cell surface.
There are currently six types of cloned mammalian We show that the mutant phenotype was due to disrup-
CNG channel subunits that share 35%–75% similarity tion of a novel intersubunit interaction between CNGA1
and CNGB1 subunits that regulated channel trafficking.
In the absence of the intersubunit interaction, an approx-1Correspondence: zagotta@u.washington.edu
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Figure 1. Properties of a CNGA1 Retinitis
Pigmentosa Mutant in Xenopus Oocytes
(A) cGMP- (upper) and cAMP- (lower) acti-
vated currents from homomeric CNGA1-RP
channels. The cartoon shows the transmem-
brane topology of CNG and the position of
the truncation mutant in CNGA1-RP (arrow).
The dotted line represents the zero current
level.
(B) cGMP- (upper) and cAMP- (lower) acti-
vated currents from homomeric CNGA1
channels.
(C) Lack of cGMP- and cAMP-activated cur-
rents from heteromeric CNGA1-RP/CNGB1
channels. The cartoon depicts coexpression
of CNGA1-RP subunits (blue) with wild-type
CNGB1 subunits (red).
(D) cGMP- (upper) and cAMP- (lower) acti-
vated currents from heteromeric CNGA1/
CNGB1 channels. The CNGB1 cartoon shows
several defined regions of CNG channels, in-
cluding the glutamic acid-rich protein (GARP)
region, a Ca2/calmodulin binding site (CaM-
site), a pore loop, and the cyclic nucleotide-
binding domain (CNBD).
(E) cGMP dose-response relationships for
CNGA1-RP (closed circles), CNGA1 (closed
squares), and CNGA1/CNGB1 (open squares).
Data from all three channel types were fit with
the Hill equation, I/Imax 1/(1 (K1/2 /[cGMP])n),
where K1/2  60 M and n  2.
imately 20 amino acid sequence in the N-terminal region fold increase in activation by cAMP compared with ho-
momeric CNGA1 channels (compare cAMP traces inof CNGB1 was exposed and prevented surface expres-
Figures 1B and 1D; also see Table 1).sion of heteromeric channels. Thus, the pathophysiolog-
To test if CNGA1-RP/CNGB1 heteromers were physi-ical phenotype of the CNGA1-RP mutant is absence
cally present at the membrane surface, we attachedof a CNG current, which is a likely precursor to the
an enhanced yellow fluorescent protein (eYFP) to thedegeneration of rod cells that is characteristic of RP.
CNGA1 subunit just after the cyclic nucleotide-binding
domain (CNGA1608-eYFP). Compared with CNGA1-
Results
RP, this channel lacked an additional 48 amino acids
from the distal C-terminal domain (and included an addi-
Heteromers Containing the CNGA1-RP Mutant tional240 amino acids encoding eYFP) but behaved in
Are Not Present at the Membrane Surface a similar manner. CNGA1608-eYFP channels produced
To investigate the properties of a retinitis pigmentosa large currents when expressed alone and had a similar
(RP) mutant in CNGA1 subunits (CNGA1-RP), we ex- affinity for cGMP and a similar low fractional activation
pressed these channels in Xenopus oocytes. Currents by cAMP when compared to wild-type channels (Figure
from CNG channels were detected using the inside-out 2A; Table 1). Using a confocal microscope we also ob-
configuration of the patch-clamp technique (Hamill et served the presence of CNGA1608-eYFP channels at
al., 1981) after application of cyclic nucleotides to the the membrane surface (Figure 2A). In contrast, when
internal face of a membrane patch. we coexpressed CNGA1608-eYFP with CNGB1, we
CNGA1-RP channels expressed robustly in all oocytes detected neither currents nor a fluorescent signal (Fig-
tested as determined by their response to saturating ure 2B), indicating that these coexpressed subunits
cGMP (Figure 1A; Table 1). Compared with wild-type were not present at the membrane surface. As a control,
CNGA1 channels, CNGA1-RP channels had a similar, we coexpressed CNGA1-eYFP (which contained an in-
low fractional response to cAMP and a similar apparent tact distal C-terminal region) and CNGB1 (Figure 2C).
affinity for cGMP (Figures 1A, 1B, and 1E; Table 1). Inter- These heteromers (monitored by increased fractional
estingly, this mutant was previously reported to not ex- activation by cAMP) (Figure 2C; Table 1) produced ro-
press as a homomer in a mammalian cell line (Dryja et al., bust currents and a strong fluorescent signal (Figure
1995; see Discussion). Since native rod CNG channels 2C), indicating their presence at the membrane surface.
comprise CNGA1 and CNGB1 subunits (Chen et al., The equivalent set of experiments using CNGA1608
1993), we coexpressed CNGA1-RP with CNGB1. Sur- without eYFP produced virtually identical expression
prisingly, we did not detect currents in any of these results as above (Table 1).
oocytes (Figure 1C; Table 1), whereas currents were Mean values for current amplitude and fluorescence
always detected upon coexpression of wild-type intensity are plotted together for each channel construct
CNGA1 and CNGB1 (Figure 1D; Table 1). Heteromeric from Figures 2A–2C in Figure 2D. There is good agree-
ment between the current level and fluorescence inten-CNGA1/CNGB1 channels were identified by their 10-
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Table 1. Properties of Wild-Type and Mutant CNG Channels
Mean Current K1/2 for cGMP
Channel (nA)  SEM (n) (M)SEM (n) cAMP/cGMP  SEM (n)
CNGA1 3.40  .74 (5) 62.4  8.2 (5) 0.025  0.003 (5)
CNGA1-RP 3.56  1.35 (9) 44.8  9.5 (3) 0.041  0.007 (8)
CNGA1-RP/CNGB1 0.002  .001 (5) – –
CNGA1/CNGB1 5.26  0.96 (18) 43.8  2.0 (8) 0.207  0.017 (12)
CNGA1608-eYFP 12.48  2.66 (6) 46.8  6.2 (3) 0.030  0.015 (5)
CNGA1608-eYFP/CNGB1 0.058  0.033 (7) – –
CNGA1-eYFP/CNGB1 8.12  3.73 (6) 51.0  11.0 (3) 0.129  0.019 (3)
CNGA1/CNGB12-765 6.97  1.72 (9) 46.9  4.0 (8) 0.147  0.018 (8)
CNGA1608 9.94  4.66 (5) 39.4  5.6 (3) 0.039  0.009 (3)
CNGA1608/CNGB1 0.007  0.004 (5) – –
CNGA1608/CNGB12-676 0.007  0.003 (6) – –
CNGA1608/CNGB12-702 0.003  0.003 (5) – –
CNGA1608/CNGB12-735 0.005  0.002 (5) – –
CNGA1608/CNGB12-746 0.017  0.01 (6) – –
CNGA1608/CNGB12-755 0.048  0.023 (3) – 0.355 (2)
CNGA1608/CNGB12-765 2.12  1.71 (12) 62.3  13.0 (3) 0.228  0.039 (9)
Chimera CNGB1-CNGA1 1.12  0.32 (6) 26.8  0.07 (5) 0.062  0.008 (5)
Chimera CNGB1-CNGA1608 0.043  .029 (12) – –
sity for each channel construct, demonstrating that and fluorescence intensity for CNGA1608-eYFP/
CNGB1 were extremely small compared with eitherthese measurements were a reasonable reporter of
membrane expression, at least when looking at very CNGA1608-eYFP or CNGA1-eYFP/CNGB1 and were
significantly different than the value from either of theserobust or very weak expression levels. Both current level
Figure 2. Monitoring Mutant Channels at the
Cell Surface with Fluorescence
(A) cGMP- (upper) and cAMP- (lower) acti-
vated currents and fluorescence image from
homomeric CNGA1608-eYFP channels. The
yellow oval in the cartoon shows the position
of an enhanced yellow fluorescent protein
(eYFP) attached after position 608 in place of
the final 90 amino acids of the channel.
(B) Lack of cGMP- and cAMP-activated cur-
rents and fluorescence from heteromeric
CNGA1608-eYFP/CNGB1 channels.
(C) cGMP- (upper) and cAMP- (lower) acti-
vated currents and fluorescence image from
heteromeric CNGA1-eYFP/CNGB1 channels.
Fluorescent signals in (A)–(C) were measured
under identical experimental conditions. The
cartoon image of CNGA1 depicts eYFP
attached after position 685 (leaving the distal
C-terminal region mostly intact).
(D) Histogram of mean current (black bars)
and mean fluorescence intensity (yellow bars)
from channels represented in (A)–(C). Fluo-
rescence intensity was in arbitrary units.
Mean current and fluorescence values from
CNGA1608-eYFP/CNGB1 are statistically
significantly different compared with either
control condition, respectively (Student’s t
test; p	 0.001). Error bars represent the SEM.
(E) Western blot of proteins isolated from oo-
cytes injected with CNGA1-myc, CNGA1-myc/
CNGB1, CNGA1608-myc, and CNGA1608-
myc/CNGB1, and probed with an anti-myc an-
tibody.
Neuron
200
control channels (Student’s t test; p 	 0.001). The very imental Procedures). Briefly, one set of target proteins
was fused to GST and bound to glutathione beads. Weweak fluorescent signal attributable to CNGA1608-
called these proteins “bait.” Figure 3A (left) illustrateseYFP/CNGB1 shows that these heteromeric channels
a bait protein that encoded an N-terminal region fromwere weakly expressed at the membrane surface, as
CNGB1 that extended from the Ca2/CaM binding site toinitially inferred from weak current expression. Thus, the
the beginning of the S1 transmembrane domain (aminoweak current expression detected from coexpression
acids 677–764). A second set of proteins was fused toof wild-type CNGB1 with either a CNGA1 subunit lacking
polyhistidine, purified on Ni2 beads, and contained athe last 37 amino acids (CNGA1-RP) or the last 85 amino
FLAG epitope tag at their C terminus for detection.acids (CNGA1608) is also presumably due to lack of
These we called “fish.” Fish proteins corresponded tofunctional channels at the cell plasma membrane.
the various C-terminal regions of both CNGA1 andWe next asked whether those heteromeric channels
CNGB1 (Figure 3A, right). Constructs shown in blue werethat were not present at the membrane surface were
derived from CNGA1, and constructs in red were derivedstill present in the cell. To test this, we injected oocytes
from CNGB1. Bait and fish proteins were allowed towith a cysteineless CNGA1 subunit containing a myc
interact, were extensively washed, and interacting pro-epitope tag for detection (CNGA1-myc), isolated total
teins were recovered and detected by Western blotting.proteins from cells, and probed Western blots with an
We tested for an interaction between the N-terminalanti-myc antibody (CNGA1-myc and CNGA1608-myc
region of CNGB1 and various C-terminal regions of ei-exhibited similar surface expression and functional
ther CNGA1 or CNGB1. We used similar amounts of fishproperties as CNGA1 and CNGA1608; data not shown).
proteins derived from either CNGA1 or CNGB1 (FigureFor cells injected with CNGA1-myc, CNGA1-myc/CNGB1,
3B) and similar amounts of bait protein derived anand CNGA1608-myc, robust bands were detected re-
N-terminal region of CNGB1 (Figure 3C, top). We de-vealing the presence of the CNGA1-derived subunits,
tected a strong, specific physical interaction betweenas expected (Figure 2E). In cells coinjected with CNGA1
an N-terminal region of CNGB1 (amino acids 677–764)608-myc/CNGB1, a combination that did not result in
and a C-terminal region of CNGA1 (amino acids 497–channels at the membrane surface, we also detected
693), which extended from the CNBD to the C terminusthe presence of the myc-tagged subunit (Figure 2E).
(Figure 3C, bottom). In contrast, an interaction was notThus, for those channels not detected at the membrane
detected with the “C linker” domain (between S6 and thesurface (e.g., CNGA1-RP/CNGB1), these results suggest
CNBD) of CNGA1 or two fusion proteins spanning thethat the CNGA1 subunits were contained within intracel-
entire C-terminal region of CNGB1. Thus, a specific pro-lular compartments.
tein-protein interaction was formed between a C-terminalTo summarize, perturbation of the distal C-terminal
region of CNGA1 and an N-terminal region of CNGB1.region in either CNGA1-RP or CNGA1608 subunits did
In the context of intact heteromeric CNGA1/CNGB1not apparently affect the properties of the respective
channels, this physical interaction must occur betweenhomomeric channels. Intriguingly, a role for the distal
different subunits of the channel tetramer.C-terminal region from CNGA1 was only discernible
We next mapped the region of CNGA1 that was re-upon coexpression with wild-type CNGB1 subunits, as
sponsible for this intersubunit interaction with thecoexpression of CNGA1608 or CNGA1-RP subunits
CNGB1 N-terminal region. We utilized several additionalwith CNGB1 did not result in detectable channels at
fish proteins encoding various CNGA1 C-terminal re-the membrane surface, despite the presence of these
gions (Figure 4A, right). Interactions were detected insubunit proteins, presumably within the cell interior.
every construct that contained the domain distal to theLastly, the pathophysiological phenotype underlying
CNBD. Indeed, just this domain, from amino acids 609–the CNGA1-RP mutant appears to be the lack of sur-
693, was sufficient for the interaction (Figure 4B). A con-face expression of heteromeric CNGA1-RP/CNGB1
struct encoding just the CNBD and not the distal
channels.
C-terminal domain (amino acids 475–609) did not inter-
act with the CNGB1 N-terminal region (Figure 4B). Taken
Biochemical Identification of a Novel Intersubunit together, the data show that the distal C-terminal do-
Interaction between CNGA1 and CNGB1 main of CNGA1 was both necessary and sufficient for
To explain why CNGA1 subunits with truncations in their the interaction with the N-terminal region of CNGB1.
distal C-terminal region did not produce channels at The RP mutant truncated about half of the distal
the membrane surface when coexpressed with CNGB1 C-terminal domain of CNGA1 that was vital for an inter-
subunits, we hypothesized that a physical interaction action with the N-terminal region of CNGB1. Could a
normally occurs in heteromeric complexes between the fusion protein corresponding to the region remaining in
C-terminal region of CNGA1 and some part of the CNGB1 CNGA1-RP (amino acids 609–656 RP; Figure 4A) form
subunits. Truncation of the entire distal C-terminal region the interaction with CNGB1? In a pull-down interaction
of CNGA1 (CNGA1608), or part of this region (CNGA1- assay, the truncated RP protein (609–656 RP) did not
RP), would therefore disrupt this interaction in hetero- interact with the N-terminal region of CNGB1 (Figure
meric channels but not affect homomeric channels. We 4C). This indicates that the region deleted from CNGA1-
reasoned that the large, cytoplasmic N-terminal region RP (amino acids 657–693) was necessary for the inter-
of CNGB1 was a reasonable target for such an interac- subunit interaction.
tion with the distal C-terminal region of CNGA1. To look When combined, the preceding results imply that a
for such an interaction, we performed biochemical pull- CNGA1/CNGB1 intersubunit interaction regulates mem-
down interaction assays using fusion proteins derived brane expression. For instance, wild-type CNGA1/CNGB1
channels express robustly and form a strong physicalfrom CNG channel N- and C-terminal regions (see Exper-
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Figure 3. A Physical Interaction between CNGA1 and CNGB1
(A) Cartoon showing positions of bait (left) and fish (right) proteins on a generic CNG channel (top, black). CNGB1-derived proteins are in red,
and CNGA1-derived proteins are in blue. The exact amino acid composition of bait and fish constructs is contained in their names.
(B) Western blot showing fish proteins used in interaction assay.
(C) Western blot (bottom) showing results of interaction assays between bait and fish constructs in (A). The Coomassie-stained gel (top)
indicates that a similar amount of bait protein (CNGB1#677-764) was used in the assay. The same results were seen in at least three other
experiments.
interaction between an N-terminal region of CNGB1 and the CNGA1 distal C-terminal domain? We asked if a
consequence of breaking the intersubunit interaction bythe distal C-terminal region of CNGA1. In contrast,
CNGA1-RP and CNGB1 subunits did not form detect- deletion of the distal C-terminal region was exposure of
a portion of the CNGB1 N-terminal region that preventedable channels at the membrane surface, and the corre-
sponding CNGB1 N-terminal and CNGA1-RP C-terminal membrane expression. To test this idea, we constructed
a series of deletion mutants in the N-terminal region ofprotein fragments did not form a physical interaction.
CNGB1 and coexpressed each of them with a CNGA1
channel lacking the entire distal C-terminal domainRescue of Heteromeric Expression by Deletions
in the N-Terminal Region of CNGB1 (CNGA1608; Figure 6). As expected, we did not detect
current from oocytes coinjected with CNGA1608 andA possible mechanism to explain the absence of surface
expression in CNGA1-RP/CNGB1 is that the CNGB1 wild-type CNGB1 (Figure 6A; Table 1). We also did not
detect currents from coexpression of CNGA1608 andN-terminal and CNGA1 C-terminal intersubunit interac-
tion itself is required for surface expression of intact CNGB1 N-terminal deletions that removed the GARP
region (amino acids 2–676; Figure 6B; Table 1), both thechannels. To test this, we removed the entire N-terminal
region of CNGB1 (2-765) to prevent the intersubunit GARP region and a Ca2/CaM binding site (amino acids
2–701; Figure 6C; Table 1), or deletion of both theseinteraction. Surprisingly, coexpression of this CNGB1
deletion mutant with wild-type CNGA1 in Xenopus oo- regions plus additional sequences (amino acids 2–735
or 2–746; Figures 6D and 6E; Table 1). However, we didcytes resulted in robust membrane expression of chan-
nels with a fractional activation by cAMP and apparent detect current in cells coinjected with CNGA1608 and
CNGB1 deletion mutants from 2–755 and 2–765 (Figuresaffinity for cGMP that were similar to wild-type hetero-
meric channels (Figure 5; Table 1). Thus, the CNGA1/ 6F and 6G) with properties like wild-type heteromers
(Table 1). (Note that expression levels in CNGB12-755-CNGB1 intersubunit interaction per se was not required
for membrane expression. containing channels were about 20-fold smaller than in
CNGB12-765 containing channels [see Discussion]).Why were heteromeric channels expressed at the
membrane surface when the intersubunit interaction Like CNGB12-765 subunits in Figure 5, each of the
partial deletion mutants in Figure 6 also formed func-was broken by deletion of the CNGB1 N-terminal region
but not when the interaction was broken by deletion of tional heteromers with wild-type CNGA1 subunits
Neuron
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Figure 4. Mapping a C-Terminal Region Sufficient for the Intersubunit Interaction
(A) Cartoon showing positions of bait (left) and fish (right) proteins on a generic CNG channel (top, black). CNGB1-derived proteins are in red,
and CNGA1-derived proteins are in blue.
(B) Western blot showing results of interaction assays between bait and fish constructs in (A).
(C) Western blot showing no interaction detected between CNGB1#677-764 and the protein corresponding to the RP mutant, CNGA1#609-
656 RP. Identical results were seen in at least three other experiments for (B) and (C).
(based on fractional activation by cAMP; data not amino acid sequence from the CNGB1 N-terminal re-
gion, just upstream of the S1 transmembrane domain,shown), indicating that all CNGB1 mutant subunits were
viable for heteromerization. We conclude that an ap- more generally serves as a region that prevents mem-
brane expression when not bound by the distalproximately 20 amino acid stretch from 747 to 764, just
upstream of the putative S1 transmembrane segment C-terminal domain.
in CNGB1, is responsible for preventing surface expres-
sion in heteromeric channels lacking the distal C-terminal Discussion
domain of CNGA1.
Can these 20 contiguous amino acids from the CNGB1 We have shown electrophysiological and biochemical
evidence for an intersubunit interaction between theN-terminal domain generally serve as a region that pre-
vents membrane expression? To address this, we added distal C-terminal domain of CNGA1 (609–693) and an
N-terminal region of CNGB1 that includes a Ca2/CaMthis sequence to a channel that is normally expressed
at the cell surface by replacing the entire N-terminal binding site (677–764), as summarized in Figure 8A. The
importance of this interaction is underscored by a RPdomain of CNGA1 with a region of CNGB1 that included
this 20 amino acid sequence (Figure 7A). This chimera mutant (CNGA1-RP) that contains only about half of the
distal C-terminal domain in CNGA1 (609–656), does not(CNGB1-CNGA1) expressed robust currents (Figure 7A),
as expected, since these channels have an intact form this intersubunit interaction with CNGB1, and
therefore does not form functional channels at the mem-CNGA1 distal C-terminal domain and should be able
to form an interaction with the transplanted N-terminal brane surface in the presence of CNGB1. The lack of
heteromeric CNGA1-RP/CNGB1 channel expressiondomain from CNGB1. However, when the distal C-terminal
domain was removed from the CNGB1-CNGA1 channel, was not due to disruption of this intersubunit interaction
per se, since breaking the interaction by removing thethe new chimeric channels (CNGB1-CNGA1608) were
only very weakly detected at the membrane surface entire CNGB1 N terminus still allowed robust membrane
expression of heteromers. Instead, we found an approxi-(Figure 7B; Table 1). These results confirm that a 20
Figure 5. Functional Disruption of the Inter-
subunit Interaction
cGMP- (upper) and cAMP- (lower) activated
currents from heteromeric CNGA1/CNGB12-
765 channels.
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Figure 6. Rescue of Heteromeric Expression
by Deletions in the CNGB1 N-Terminal
Domain
(A–G) Lack of cGMP-activated currents from
heteromeric CNGA1608 (blue) and CNGB1
(red), or CNGB1 constructs with progres-
sive deletions of the N-terminal region (red),
where associated numbers indicate the
amino acids deleted. cGMP- (upper) and
cAMP- (lower) activated currents from heter-
omeric CNGA1608/CNGB12-755 and
CNGA1608/CNGB12-765 channels. Scale
bar for (A)–(F) is 50 pA and 50 ms; (G) is 2 nA
and 50 ms.
mately 20 amino acid region just upstream of the S1 Mitrovic et al., 2000). However, when we mutated these
six charged residues en masse to alanines and coex-transmembrane domain in CNGB1 that prevented mem-
brane expression when the intersubunt interaction was pressed this CNGB1 mutant with CNGA1608, mem-
brane expression was not detected using the patch-not formed (as summarized in Figure 8B). The role of
this 20 amino acid region was confirmed by transferring clamp technique (n  4; data not shown). Thus, KKXX,
XXRR, or RXR types of trafficking motifs were not neces-this region to a channel that is normally trafficked to the
surface (CNGA1608) where it also prevented mem- sary to prevent membrane expression in our case. The
expression level in channels containing ten amino acidsbrane expression.
One mechanism by which the 20 amino acid region in the N-terminal region of CNGB1 (CNGB12-755) was
about 20 times smaller than that seen when channelsfrom CNGB1 could prevent membrane expression is if
it contained a motif that affected trafficking of CNG lacked virtually the entire N-terminal region (CNGB12-
765; compare Figures 6F and 6G, and see Table 1).channels to the plasma membrane. This region, from
amino acids 746 to 764 (KFKRRPWKKYQFPQSIDPL), Based on this result and the lack of effect of mutating the
known ER retention/retrieval motifs upstream of positioncontains six positively charged residues, including two
known endoplasmic reticulum retention/retrieval motifs 755, we suspect that the primary determinants for pre-
venting membrane expression are contained within thewith the sequence KKXX and XXRR (where X is any
residue) that mediate membrane trafficking in a host of ten amino acids (YQFPQSIDPL) between position 755
and 764, located just upstream of the first transmem-proteins (Teasdale and Jackson, 1996). This region also
contains sequences reminiscent of the RXR retention/ brane domain. Since protein was present for CNGA1-
derived channel subunits, even when those channelsretrieval motif that controls membrane expression of
heteromeric KATP channel subunits (Zerangue et al., were not present at the membrane surface, this region
from CNGB1 could perhaps serve as a retention/retrieval1999) and heteromeric GABA(B) receptors (Margeta-
Figure 7. Effect of N-Terminal Region of
CNGB1 on Trafficking of Chimeric CNG
Channels
(A) cGMP- (upper) and cAMP- (lower) acti-
vated currents from chimeric CNGB1-CNGA1
homomeric channels. In chimera CNGB1-
CNGA1, the N-terminal region of CNGB1
(amino acids 677–764) replaced the N-terminal
region (amino acids 1–155) of CNGA1.
(B) Lack of cGMP- (upper) and cAMP- (lower)
activated currents from chimeric CNGB1-
CNGA1608 homomeric channels.
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Figure 8. An Intersubunit Interaction Regulates Trafficking of Heteromeric CNG Channels
(A) A cartoon showing the novel intersubunit interaction between the C-terminal domain of CNGA1 subunits (shown in blue) and the N-terminal
region of CNGB1 subunits (shown in red). This interaction buries a short region located just upstream of the first transmembrane domain in
the N-terminal region of CNGB1 (arrow) and allows membrane expression.
(B) A cartoon showing how disruption of the intersubunit interaction prevents membrane expression. Truncation of a C-terminal domain of
CNGA1 (as in RP) exposes a normally buried region from the CNGB1 N-terminal domain (arrow) and prevents membrane expression of
heteromeric CNGA1-RP/CNGB1 channels.
signal that, when exposed, keeps the protein complex not detect functional homomeric channels using patch-
clamp analysis (data not shown). Thus, while we cannotinternalized. We cannot strictly rule out other scenarios,
such as very rapid turnover of channels from the mem- completely rule out a role for the short N-terminal amino
acid sequence in nonexpression of CNGB1 alone, therebrane surface. Regardless of the precise mechanism for
lack of surface expression due to this short amino acid must be other, additional mechanisms underlying this
phenomenon.sequence, these results are consistent with our model
in which breaking an intersubunit interaction between We detected neither currents nor fluorescence signals
attributable to homomeric CNGA1-RP or CNGA1608CNGA1 and CNGB1 exposed a sequence that prevented
membrane expression of the entire heteromeric complex channels in oocytes coinjected with CNGB1. This result
has two implications for CNG channel assembly. First,and accounted for this incidence of RP (as in Figure 8B).
Functional channels are not produced when CNGB1 it implies that mutant CNGA1 subunits must have been
viable for association with wild-type CNGB1 subunits;is expressed alone in exogenous systems (Chen et al.,
1993). Is the short sequence from CNGB1 responsible otherwise we would have detected homomeric mutant
CNGA1 channels, like when the mutant CNGA1 subunitsfor nonexpression of heteromeric channels also respon-
sible for nonexpression of CNGB1 as a homotetramer? were expressed alone. Second, it implies that mutant
CNGA1 and wild-type CNGB1 channel subunits mustIf so, we might expect to see expression of CNGB1
homomers upon removal of these amino acids. How- not associate randomly, but rather, must have a pre-
ferred heteromeric arrangement; otherwise we wouldever, when we expressed CNGB1 subunits lacking the
entire N-terminal domain (CNGB12-765) alone, we did have seen a small but readily apparent proportion of
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(Kaupp et al., 1989) except for the addition of an eight amino acidhomomeric CNGA1 channels. By extension, these re-
FLAG epitope tag (DYKDDDYK) in place of the final five amino acidssults imply that wild-type CNGA1 and wild-type CNGB1
(DSTQD). This did not change any of the properties of CNGA1 mea-subunits also do not associate randomly, but instead,
sured here (data not shown). The bovine CNGB1 clone (Korschen
have a preferential heteromeric arrangement. et al., 1995) was the kind gift of Dr. R. Molday and contained an I2V
Our results with the CNGA1-RP mutant differ from change that did not affect any of the properties measured here (data
not shown). The cDNAs were subcloned into the pGEMHE vectorthose in an earlier report (Dryja et al., 1995). In the previ-
(a gift from E. Liman) for expression in Xenopus oocytes. RNA forous study, CNGA1-RP essentially did not express as a
oocyte injection was made with the Message Machine kit (Ambion,homomer; only one single channel was detected in 1
Austin, TX). Deletion and point mutants were made with oligonucleo-out of 83 patches tested. In contrast, we always saw
tide-directed mutagenesis and confirmed with fluorescent-based
robust expression of CNGA1-RP homomeric channels. sequencing. The CNGA1-RP clone used here was the bovine equiva-
This difference may be due to the expression systems lent (R656E-Stop) of a human CNGA1 mutant (R654E-Stop).
used, oocytes (this study) versus HEK293 cells (earlier
study). One explanation consistent with both results is Electrophysiology and Analysis
For patch-clamp experiments, Xenopus oocytes were microinjectedthat HEK 293 cells may contain endogenous CNGB1 or
with RNA and incubated at 16
C for 3–8 days. CNGA1 and CNGB1CNGB1-like subunits of sufficient number to heteromer-
were coinjected at a 1:4 ratio, which faithfully produced heteromericize with exogenous CNGA1-RP, thereby preventing sur-
channels (Shammat and Gordon, 1999). Oocytes were patch
face expression of CNGA1-RP in this cell line. clamped 5–8 days after injection using the excised, inside-out con-
Our results suggest that the CNGA1-RP mutant pre- figuration (Hamill et al., 1981) with an Axopatch 200A (Axon Instru-
vents CNG channels from being at the surface of rod ments) voltage-clamp coupled to an ITC-16 AD converter (Instru-
tech, Great Neck, NY) and a Pentium III computer. Data werephotoreceptor cells. How does lack of CNG channels
recorded and analyzed with Pulse software (Instrutech, Elmont, NY)cause the photoreceptor cell death that is characteristic
with additional analysis using Igor software (Wavemetrics, Lake Os-of RP? The sequence of events that lead to cell death
wego, OR). Currents were recorded with a voltage step to 60 mV
in RP is not well understood; however, these retinal from a holding potential of 0 mV in the presence of saturating cGMP
degenerations fall into four distinct categories. These (2.5 mM) or cAMP (16 mM). For dose-response relations, currents
include dysfunction of outer segment development, were elicited in response to several cGMP concentrations, as indi-
cated. Leak current in the absence of cyclic nucleotides were sub-metabolic overload, dysfunction of retinal pigment epi-
tracted. When comparing expression levels among constructs, carethelial cells, and sustained activation of the photorecep-
was taken to use recording pipettes with similar resistances (500tor (for a review see Pierce, 2001). Since retinal rod CNG
M), to use oocytes harvested from the same frog, and to inject
channels are normally closed in the presence of light, the same amount (50 ng) of RNA per oocyte. Patch recordings from
the absence of a CNG current in rod cells would be different constructs were interleaved with one another to control for
equivalent to constitutive activation of photoreceptors. variations in expression level between batches of oocytes.
The internal (bath) solution contained 130 mM NaCl, 3 mM HEPES,In this study, we have described an intersubunit inter-
and 0.2 mM EDTA, pH 7.2. The external (pipette) solution was identi-action between a distal C-terminal domain in CNGA1
cal except for the addition of 0.5 mM Niflumic acid to block endoge-and a region of the N terminus of CNGB1 that contains
nous Cl currents. There was no effect of Niflumic acid on CNG
a Ca2/CaM-binding domain. Interdomain interactions channels (data not shown). Ligand-containing solutions were identi-
have been previously described between the N- and cal to the bath solution but contained either cGMP or cAMP at the
C-terminal regions of CNGA1 subunits, where the inter- desired concentration. Internal solutions were applied with an RSC-
100 solution changer (Molecular Kinetics, Pullman, WA).action may be a prerequisite for an internal disulfide
bond that promotes the opening allosteric conforma-
Isolation of CNG Channel Proteins from Xenopus Oocytestional change in CNGA1 homomers (Gordon et al., 1997).
CNG channel proteins were isolated based on a protocol from RhoAn interaction between N- and C-terminal regions is
et al. (2000). Oocytes were microinjected and incubated as above,also found in CNGA2 (olfactory ) channels, where the
and proteins were isolated after 6–8 days. As above, CNGA1/CNGB1
CNGA2 N-terminal region interacts with a C-terminal subunits were coinjected at a 1:4 ratio, respectively. When injected
region and promotes the opening allosteric conforma- alone, CNGA1-derived subunits were diluted at a 1:4 ratio with water.
tional change (Varnum and Zagotta, 1997). In a very For these experiments, the myc-tagged CNGA1-derived subunits
had the seven naturally occurring cysteine residues changed togeneral sense, the interactions in CNGA1 and CNGA2
other residues (Matulef et al., 1999). Fifty oocytes were homogenizedare similar to the CNGA1/CNGB1 interaction described
by gentle pipetting in homogenization buffer (100 mM Tris-HCl, 100here. However, N-terminal regions of CNGA1 and
mM NaCl, 0.5% v/v Triton X-100, pH 8.0 with protease inhibitors).
CNGA2 are not homologous to the region of CNGB1 Material was centrifuged at 14,000  g, and the supernatant was
that forms the interaction shown here. Moreover, both recovered. This step was repeated three times. Supernatant was
the CNGA1 and CNGA2 N-terminal regions interact ex- added to Lamelli buffer, spun a fourth time, and analyzed by SDS-
PAGE. Proteins were electrotransferred to nitrocellulose, blockedtensively with their C linker domains and their CNBDs. In
with 5% dry milk, and incubated with an anti-myc antibody (Co-contrast, the CNGB1 N-terminal region does not interact
vance) followed by an HRP-linked secondary antibody (Pharmacia).with the C linker or CNBD of either CNGA1 or CNGB1,
Blots were developed using the Femto Maximum chemiluminesce
but instead, interacts specifically with the CNGA1 distal kit (Pharmacia) and a Fluorchem system (AlphaInnotech).
C-terminal domain. Thus, for CNGA1/CNGB1 hetero-
mers, the N-terminal regions from each subunit may be Biochemical Pull-Down Interaction Assays
spatially oriented to bind to distinct regions of the Biochemical pull-down experiments consisted of a “bait” protein
construct attached to beads and a “fish” protein construct withCNGA1 C-terminal domain.
a FLAG epitope tag for detection. Bait constructs all contained
glutathione-S-transferase (GST) linked in frame with CNG channelExperimental Procedures
N-terminal domains. GST fusion proteins were constructed in the
pGEX2TK vector (Pharmacia) and derived from the CNGB1 cloneMolecular Biology and Mutagenesis
The bovine CNGA1 clone used here was previously described (Gor- described above. Fish constructs contained CNG channel C-terminal
domains with a 6His sequence added to their N terminus and adon and Zagotta, 1995) and was identical to the original isolate
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FLAG epitope tag at their C-terminal end. Polyhistidine fusions were of the rod cGMP-gated channel in autosomal recessive retinitis
pigmentosa. Proc. Natl. Acad. Sci. USA 92, 10177–10181.made in the pQE30 vector (Qiagen) and derived from the CNGA1
and CNGB1 clones described above. Fusion proteins were prepared Fesenko, E.E., Kolesnikov, S.S., and Lyubarsky, A.L. (1985). Induc-
by growing in BL-21 cells (GST fusions) or M15 cells (6His fusions) tion by cyclic GMP of cationic conductance in plasma membrane
at 37
C until reaching an OD of 0.7, inducing with 0.25 mM IPTG, of retinal rod outer segment. Nature 313, 310–313.
and then growing for 3 hr at 37
C (GST fusions) or 18 hr at 18
C
Gordon, S.E., and Zagotta, W.N. (1995). A histidine residue associ-
(6His fusions). Cells were harvested by centrifugation, resuspended
ated with the gate of the cyclic nucleotide-activated channels in
in Buffer S (50 mM Tris-HCl, 150 mM NaCl, 25mM Imidazole, 1% NDSB-
rod photoreceptors. Neuron 14, 177–183.
256, 0.5% CHAPS, 0.25% Tween-20, and 1mM-mercaptoethanol, pH
Gordon, S.E., Varnum, M.D., and Zagotta, W.N. (1997). Direct inter-7.8), and protease inhibitors then lysed with a French Press pressure
action between amino- and carboxyl-terminal domains of cycliccell. Material was separated by centrifugation for 20 min at 20,000
nucleotide-gated channels. Neuron 19, 431–441.g, and the supernatant was incubated with either glutathione beads
(Pharmacia) for GST-fusions or Ni2-NTA beads (Qiagen) for 6His Hamill, O.P., Marty, A., Neher, E., Sakmann, B., and Sigworth, F.J.
fusions at 4
C for 2 hr. Fusion proteins with 6His were eluted (1981). Improved patch-clamp techniques for high-resolution cur-
from beads using either 50 mM EGTA or 200 mM Imidazole and rent recording from cells and cell-free membrane patches. Pflugers
concentrated in Ultrafree concentrators (Millipore, Bedford, MA). Arch. 391, 85–100.
Protein concentration was determined with a spectrophotometer He, Y., Ruiz, M., and Karpen, J.W. (2000). Constraining the subunit
using 6 M Guanidine-HCl and the calculated extinction coefficient. order of rod cyclic nucleotide-gated channels reveals a diagonal
To test for interactions, a final concentration of 0.5 M fish, and arrangement of like subunits. Proc. Natl. Acad. Sci. USA 97, 895–900.
1.0 M bait were combined in 0.5 ml Buffer S. Proteins were allowed
Jan, L.Y., and Jan, Y.N. (1990). A superfamily of ion channels. Nature
to interact for 18 hr at 4
C with shaking. Beads were recovered
345, 672.
by centrifugation at 2000  g and washed five times with 0.5 ml
Kaupp, U.B., Niidome, T., Tanabe, T., Terada, S., Bonigk, W.,Buffer S. Equal volumes of samples were denatured in gel loading
Stuhmer, W., Cook, N.J., Kangawa, K., Matsuo, H., Hirose, T., et al.buffer with 5% -ME (BioRad) and loaded on 10%–20% SDS-PAGE
(1989). Primary structure and functional expression from comple-gels (BioRad). Western blots were analyzed as described above.
mentary DNA of the rod photoreceptor cyclic GMP-gated channel.
Nature 342, 762–766.Fluorescent Imaging
Korschen, H.G., Illing, M., Seifert, R., Sesti, F., Williams, A., Gotzes,Fluorescent signals were detected with a Leica Spectral confocal
S., Colville, C., Muller, F., Dose, A., Godde, M., et al. (1995). A 240 kDamicroscope at the Keck Imaging Center at the University of Wash-
protein represents the complete beta subunit of the cyclic nucleotide-ington. An enhanced yellow fluorescent protein (eYFP, a kind gift
gated channel from rod photoreceptor. Neuron 15, 627–636.of Dr. R. Tsien) was fused to the C-terminal end of CNGA1 and
CNGA1608. Oocytes injected with CNG channel-eYFP RNA were Kurahashi, T., and Menini, A. (1997). Mechanism of odorant adapta-
maintained like those described above. Fluorescent proteins at the tion in the olfactory receptor cell. Nature 385, 725–729.
oocyte plasma membrane surface were visualized on a Leica confo- Liu, D.T., Tibbs, G.R., and Siegelbaum, S.A. (1996). Subunit stoichi-
cal microscope with excitation by an Argon laser at a wavelength ometry of cyclic nucleotide-gated channels and effects of subunit
of 488 nm, and emission was recorded at approximately 520 nm. order on channel function. Neuron 16, 983–990.
Fluorescence intensity was measured with the MetaMorph software
Margeta-Mitrovic, M., Jan, Y.N., and Jan, L.Y. (2000). A traffickingpackage (Universal Imaging Corporation, Downingtown, PA).
checkpoint controls GABA(B) receptor heterodimerization. Neuron
27, 97–106.
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